A new category of self-splicing group I introns with conserved structural organization and function is found among the eukaryotic microorganisms Didymium and Naegleria. These complex rDNA introns contain two distinct ribozymes with different functions: a regular group I splicing-ribozyme and a small internal group I-like ribozyme (GIR1), probably involved in protein expression. GIR1 was found to cleave at two internal sites in an obligate sequential order. Both sites are located 39 of the catalytic core. GIR1-catalyzed transesterification reactions could not be detected. We have compared all available GIR1 sequences and propose a common RNA secondary structure resembling that of group I splicing-ribozymes, but with some important differences. The GIR1s lack most peripheral sequence components, as well as a P1 segment, and, at approximately 160-190 nt, they are the smallest functional group I ribozymes known from nature. All GIR1s were found to contain a novel 6-bp pseudoknot (P15) within their catalytic core region. Experimental support of the proposed structure was obtained from the Didymium GIR1 by RNA structure probing and site-directed mutagenesis. Three-dimensional modeling indicates a compactly folded ribozyme with the functionally essential P15 exposed in the cleft between the two principal domains P3-P8 and P4-P6.
INTRODUCTION
All group I ribozymes in nature are coded by group I introns, and most of them carry out reactions leading to excision of intron RNA and ligation of flanking exons (Cech & Herschlag, 1996) + Group I ribozymes are characterized by a common secondary structure of about 10 paired segments (P1-P10), which include the 120-nt catalytic core, and usually one or more optional segments (P11-P17) (Lehnert et al+, 1996) + Three-dimensional structure models of the core have been proposed based on comparative sequence and mutation analyses (Michel & Westhof, 1990) and have been updated recently to include new structural information (Jaeger et al+, 1996a; Lehnert et al+, 1996) + The core consists of two juxtaposed principal domains, P4-P6 (P4, P5, and P6) and P3-P8 (P3, P7, and P8), which are connected by single-stranded regions and a base triple (Michel & Westhof, 1990; Cech et al+, 1994; Doudna & Cech, 1995; Tanner & Cech, 1997; Tanner et al+, 1997 )+ The P3-P8 domain contains the P7 guanosine binding site, which is an essential component of the catalytic site+ In the Tetrahymena intron, P4-P6 is able to self-assemble (Doudna & Cech, 1995) , and its structure recently has been determined and characterized from RNA crystals (Cate et al+, 1996) + P4-P6 directs the tertiary folding of P3-P8 (Doherty & Doudna, 1997) and subsequently creates a cleft between the principal domains where the more flexible substrate duplex is located+ Group I introns are classified into at least 11 subgroups within four main groups (IA, IB, IC, and ID), based on distinct primary sequence motifs and characteristic structural features in peripheral regions (Michel & Westhof, 1990; Jaeger et al+, 1996a )+ The peripheral regions are divergent both in sequence and structure, and several of them are known to be important for stabilizing the catalytic core structure by tertiary interactions (Jaeger et al+, 1991; Michel & Shub, 1992; Lehnert et al+, 1996) + Complete 3D structure models of group I splicing-ribozymes have been proposed recently (Lehnert et al+, 1996) and show that most peripheral regions appear to be projected away from the catalytic core+ In about one third of all known group I splicing-ribozymes, one of the peripheral regions harbors an open reading frame (ORF)+ The two nucleolar introns DiSSU1 and NaSSU1 from the distantly related protists Didymium iridis and some Naegleria species, respectively, contain complex peripheral insertions in regular group I splicing-ribozymes+ These insertions consist of a small group I-like ribozyme (GIR1), followed by an ORF (Decatur et al+, 1995; Einvik et al+, 1997 )+ DiGIR1 and NaGIR1 ribozymes are the only known naturally occurring group I molecules whose function is not intron splicing+ Both GIR1s are active in vitro as naked RNA and cleave the excised intron RNA close to the 59 end of the ORF (Decatur et al+, 1995; Einvik et al+, 1997 )+ DiGIR1 and NaGIR1 are the smallest group I ribozymes known, and appear to lack all peripheral regions known to be important for stabilization of group I splicing-ribozyme cores (Lehnert et al+, 1996)+ Here we report that the GIR1s cleave at two distinct sites 39 of the catalytic core in an obligate sequential order+ Furthermore, the GIR1s have a novel ribozyme core structure that includes a 6-bp P15 pseudoknot+
RESULTS
The two processing sites IPS1 and IPS2 are cleaved by hydrolysis in an obligate sequential order A time-course experiment of DiGIR1 cleavage, performed at 50 8C and high salt conditions, is presented in Figure 1+ Activity was observed as early as at 0+5 min (Fig+ 1, lane 2), and, at 5 min of incubation, about 25% of the precursors were cleaved (Fig+ 1, lane 4)+ The reaction does not run to completion, but levels off after 60 min; 20-30% of the precursors remain uncleaved (Fig+ 1, lanes 9-12)+ Primer extension was used to precisely define the 59 end of the 39 RNA (Fig+ 2A,B) + The result from a 60-min self-cleavage reaction is presented in Figure 2B and indicates two internal processing sites (IPS1 and IPS2) located 39 of positions G229 and U232, respectively, in DiGIR1+ These sites correspond exactly to those recently observed in NaGIR1 (Einvik et al+, 1997) , and IPS1 corresponds to the previously mapped internal processing site of DiSSU1 (Johansen & Vogt, 1994 )+ The 39 end of the upstream RNA product (59 RNA) was mapped by a self-ligation reverse transcription (RT)-PCR approach, using an inverted pair of primers and direct sequencing of the amplified product (Fig+ 2A)+ The result from a representative experiment is shown in Figure 2C and unambiguously demonstrates that the 59 RNA contains only one 39-hydroxyl end, corresponding to IPS1+ A similar result was obtained from Naegleria GIR1 (Nan+GIR1) using the same experimental approach (data not shown)+ We conclude that the sequential cleavage of IPS1 prior to IPS2 is a conserved feature of GIR1s+
Transesterification reactions are not involved in DiGIR1 processing+ No guanosine addition was detected at either IPS1 or IPS2, and the ribozyme cleavage is independent of added GTP (Johansen & Vogt, 1994; Decatur et al+, 1995 ; our unpubl+ results)+ Furthermore, no ligation between the G229 and C233 residues of the upstream and downstream RNA species, respectively, could be detected in RT-PCR assays (data not shown)+ Here, the preRNA fraction of a 60-min cleavage reaction was gel purified and subjected to RT-PCR in order to detect a possible co-migrating ligated product+ The amplified IPS-region was analyzed both by direct sequencing and by the restriction enzymes BsaW 1 and Bsr F 1, which digest cDNA corresponding to preRNA or G229-C233-ligated RNA, respectively+ No Bsr F 1 digests could be detected+ Furthermore, a small undigested BsaW 1 fraction was isolated and cloned into plasmids, and 11 independent clones were sequenced+ None of these clones corresponded to a ligated RNA product+ We infer that DiGIR1 only performs hydrolytic cleavages at the internal processing sites+ Very recently, Jabri et al+ (1997) reported some kinetic properties of IPS1 hydrolysis in Nan+GIR1+ Thus, IPS1 seems analogous in function to the site-specific hydrolytic cleavage at the 39 splice site observed in group I splicing ribozymes (reviewed by Cech, 1990 )+ To test the functional importance of an obligate sequential IPS1/IPS2 cleavage, position G229 in DiGIR1 was changed to a "U" to generate mutIPS (Fig+ 3A; Table 1 )+ G229, which is followed by the IPS1 site, appears analogous both in structure and function to the 39-terminal guanosine residue found in all group I introns+ Substitution of the terminal G in the Tetrahymena intron results in a pronounced reduction of the rate in the second step of splicing (Price & Cech, 1988; Michel et al+, 1989) , as well as a loss of site-specific 39 splice site hydrolysis (Van der Horst & Inoue, 1993)+ Thus, we presumed that, if the processing sites were cleaved in an obligate order of IPS1 prior to IPS2, both sites should be affected by mutIPS+ As expected, no cleavage either at IPS1 or IPS2 was seen after subjecting mutIPS RNA to self-cleavage and gel analyses (Fig+ 3B, lane 10), and no detectable activity of mutIPS could be restored at elevated concentrations (0+1 M) of magnesium (data not shown)+
Secondary structure features of DiGIR1 and NaGIR1 RNAs
An alignment of GIR1 sequences from the Didymium DiSSU1 and five Naegleria NaSSU1 group I introns is shown in Figure 4+ Although the Didymium GIR1 FIGURE 2. Mapping of the internal processing sites IPS1 and IPS2 in DiGIR1 (60-min incubation of Di162G1 RNA)+ A: Schematic presentation of the primer extension and direct sequencing strategies used to map the 59 and 39 ends of the processing sites, respectively+ The 39 RNA product was gel-purified and subjected to primer extension+ The 59 RNA product was gel-purified and self-ligated by T4 RNA ligase, and the ligated junction (lig+ junct+) was subsequently amplified by RT-PCR+ The amplified DNA product was then subjected to direct sequencing+ B: Primer extension (P+E+) products generated from the 39 RNA were analyzed together with the DNA sequence of pDi162G1+ All reactions were primed by OP4+ The DNA sequence (right) is complementary to the RNA sequence (below)+ C: RT-PCR sequence ladder of the 59 RNA ligated junction+ The 39 ligated end corresponds exactly to that of IPS1+ The DNA sequence (right) is complementary to the RNA sequence (below)+ Ligated junction is indicated at the RNA sequence+ Here, the 59 end of the 59 RNA product corresponds to the T7 promoter transcription start-site of pDi162G1+ (DiGIR1) is only distantly related to the different NaGIR1s (about 50% identical nucleotide positions), the proposed secondary structures appear remarkably similar+ Most paired segments known to be important for group I ribozyme functions (see Jaeger et al+, 1996a) are identified in GIR1, with the notable exception of P1+ Lack of the exon-containing P1 segment is consistent with a function only in internal processing of excised intron RNA, and not exon ligation (Decatur et al+, 1995; Einvik et al+, 1997 )+ Two more unusual paired segments are proposed from the alignment+ P10 consists of at least 7 bp, and is suggested to tether the 59 and 39 region parts together, thus resembling P10 of the yeast mitochondrial group I intron SdCob+1 (Jaeger et al+, 1996b )+ P15, a 6-bp segment located within the catalytic core region, appears novel among group I ribozymes and so far has been recognized only in the GIR1s+ All proposed paired segments are supported by compensatory base changes, either between DiGIR1 and NaGIR1, or among the five different NaGIR1s (Nja+GIR1, Nan+GIR1, Nit+GIR1, Ngr+GIR1, and Ncl+GIR1; see Fig+ 4)+ However, some prominent structure differences are noted between DiGIR1 and NaGIR1+ These include the P6 stem, which consists of only 2 bp in DiGIR1 compared to 9 bp in the NaGIR1s, and a P9 GNRA tetraloop, which is only found in DiGIR1 (Fig+ 4)+ The most variable region is the distal sequences of P5+ A P5a paired segment is only observed in Nit+GIR1 and Ngr+GIR1+
Structure probing of DiGIR1 supports the secondary structure model
In order to assess the validity of the proposed secondary structure, both enzymatic and chemical structure probings were performed on DiGIR1+ The RNA was synthesized in vitro at low (2 mM) [Mg 2ϩ ] to inhibit self cleavage+ Transcripts were incubated briefly in cleavage buffer and subjected to chemical modifications or enzymatic cleavage reactions according to Christiansen et al+ (1990) + Several probes that react with RNA at unpaired base positions were used (DMS, DEPC, KE, 
RNaseT1, RNaseT2), as well as the cobra venom ribonuclease (RNaseV1), which cleaves RNA at helical regions+ RNA was analyzed by primer extension using five different primers with complementarity to different regions of the ribozyme+ Here, sites of chemical modification will constitute stops in the reverse transcription reaction, and the sites of cleavage will result in run-off products during reverse transcription+ Thus, results of both types of probing can be analyzed directly on sequencing gels+ Information from all sites within the ribozyme could not be obtained by primer extension analyses due to background stops, probably resulting from the compact structure of the ribozyme+ In some instances, it is virtually impossible to argue that the analysis was performed at single hit conditions+ Thus, RNase cleavage analyses were repeated using both 59 and 39 end-labeled RNA+ The results from several structure probing experiments are superimposed on the secondary structure in Figure 5+ The observed modification and cleavage patterns agree very well with the proposed structure, and are supported further by the recent structure characterization of Nan+GIR1 (Jabri et al+, 1997)+ The overall impression is that DiGIR1 is very compact, with only few sites accessible to the probes used+ The results strongly support the existence of P15 in DiGIR1 (see below)+ The strong signal at G199 at the end of P15 with kethoxal is not in conflict with the model because kethoxal is known to react at G:C pairs at the ends of helices (Christiansen et al+, 1990 )+ The accessibility of P15 to the enzymatic probes indicates that this structure element is located at the outer surface of the ribozyme+
Mutation analyses and RNase probing support an essential function of P15
In order to evaluate the functional importance of P15, we replaced sequences in DiGIR1 with corresponding sequences present in the majority of Naegleria GIR1s (Nja+GIR1, Nan+GIR1, and Nit+GIR1)+ The constructs included two chimeric P15 mutants (mutP15-N/D and mutP15-D/N) with only two of the six base pairs intact, as well as a compensating double mutant (mutP15-N) with a restored NaGIR1 P15 in a DiGIR1 context Table 1 )+ RNAs of wild-type and different mutants were transcribed, subjected to self-cleaving conditions for 60 min, and analyzed by denaturing gel electrophoresis+ No cleavage activity was observed in either of the chimeric P15 mutants (Fig+ 3B, lanes 4 and 6), even at elevated magnesium concentrations (0+1 M Mg 2ϩ , data not shown)+ The double mutant had restored wild-type activity at magnesium concentrations between 5 and 25 mM (Fig+ 3B, compare lanes 2 and 8; data not shown)+ RNase probing was used as a different approach to demonstrate the presence of P15 in catalytically active DiGIR1+ Prior to RNase treatment, the in vitrotranscribed RNA was heat denatured and incubated for 10 min at cleavage conditions+ Whereas the majority of wild-type DiGIR1 molecules will undergo cleavage, some remain uncleaved even after hours of incubation (see Fig+ 1)+ Thus, some molecules are probably not in a cleavage-competent conformation and the population of RNA molecules probed consists of more than one conformational species+ With this reservation in mind, the results of primer extension analyses of wild-type and mutants probed with RNaseT2 and RNaseV1 are shown in Figure 6+ The presence of P15 in wild-type Fig+ 6A ,B,C)+ MutP15-N is efficiently cleaved by RNaseV1 at P159 only (positions 112-117), but longer exposures detect cleavage at P150 (positions 199-204) as well+ We speculate that the accessibility of P15 to RNaseV1 varies as a result of structural differences or positioning between the two different sequences+ RNaseV1 cleavage patterns of the two chimeric P15 mutants are much less distinct+ MutP15-N/D RNA was cleaved evenly over a longer sequence stretch including P15, whereas mutP15-D/N was largely uncleaved in this region+ It was expected that the lack of base pairing in the P15 regions of these two mutants would render them highly susceptible to cleavage with RNaseT2+ The observed absence of RNaseT2 cleavages could be due to the inaccessibility of these sequences due to alternative structures or due to the lack of any dominant structures within the population of RNA molecules+ MutP15-N/D and mutP15-D/N showed higher reactivity in the P15 region with single-strand probes DEPC and KE than wild-type and mutP15-N (data not shown)+ A summary of the RNaseV1 cleavage sites in the P15 region of wild-type and mutants is presented in Figure 6D+ We conclude that P15 is present in a substantial fraction of wild-type and mutP15-N molecules, but apparently not in mutP15-N/D and mutP15-D/N+ Based on RNA analyses with a primer complementary to sequences downstream of IPS1 and IPS2, we conclude that P15 is present in the uncleavaged molecules (Fig+ 6A)+ In this experimental setting, uncleaved FIGURE 6. RNase probing of P15 in wild-type and mutated GIR1 RNAs+ In vitro-transcribed RNA treated with RNaseT2 (T2; lanes 5, 8, 11, and 14), RNaseV1 (V1; lanes 6, 9, 12, 15), and uncleaved RNA (C; lanes 7, 10, 13, and 16) were analyzed by primer extension+ A dideoxy sequencing ladder of wild-type RNA using the same primers was run in parallel (lanes 1-4)+ A schematic presentation of the primer extension strategy, which indicates the displayed region, is presented below each panel+ Note that the run-off products in primer extension analyses run at positions one nucleotide faster than their corresponding sequencing band because the RNases cleave 39 to the recognized nucleotide+ The most prominent 
3D Modeling of DiGIR1
The GIR1 sequence comparisons and the mutagenesis and structure probing analyses strongly support the secondary structure of DiGIR1+ This information, together with known features of group I ribozyme core structures (see Lehnert et al+, 1996) , was used to model the 3D structure of the DiGIR1 RNA (Fig+ 7)+ L9 belongs to the GNRA-tetraloop family and interacts with base pairs in P5 in other group I ribozymes (see Jaeger et al+, 1996a; Lehnert et al+, 1996) + In fact, a DiGIR1 mutant where the first position in L9 (G201) was changed to an "A" was found to be catalytically inactive, suggesting an important structural function of the tetraloop (our unpubl+ results)+ However, the G:C base pairs of P5 present the wrong orientation for the canonical GNRA/helix motif+ This contact was thus discarded in the present model+ The main problem in modeling was found in the 4-nt asymmetrical bulge between stems P5 and P4 (positions 150-153)+ The most satisfying result, both at the level of stereochemistry and of domain docking, was obtained by using the same conformation for the 4-nt bulge as that of the A-rich bulge of the P4-P6 domain of the Tetrahymena ribozyme recently solved by crystallography (Cate et al+, 1996) + The highly compact folded ribozyme structure (Fig+ 7) resembles the core structure of a group I splicingribozyme+ Two versions of the same DiGIR1 model, adapted to each cleavage step (at IPS1 and IPS2), are presented+ The difference between each involves only a repositioning of helix P10 in the active site+ The principal domains P4-P6 (green) and P3-P8 (purple) have a similar structural organization to those of more regular group I ribozymes (Lehnert et al+, 1996) + However, the structures located between these domains are different+ The novel P15 core pseudoknot (yellow) fits perfectly in the cleft and seems to replace P1/P2 of group I splicing-ribozymes, structure elements not present in the GIR1s+ Consistent with structure probing data, P15 appears to be exposed on the surface of the ribozyme (Fig+ 7)+
DISCUSSION
We have characterized functional and structural features of a distinct class of self-cleaving group I-like ribozymes, called GIR1+ These catalytic RNAs cleave in cis at two processing sites in an obligate sequential order+ The processing sites are located 39 of the ribozyme core, and only three nucleotides apart+ GIR1 appears compactly folded and resembles the minimal core of group I ribozymes+ However, the GIR1 contains a novel and functionally essential pseudoknot (P15) within the catalytic core region+
Structure-function relationships
The group I intron classification system (Michel & Westhof, 1990) does not apply to the group I-like ribozymes DiGIR1 and NaGIR1+ These ribozymes do not perform intron splicing, they lack a P1 segment, and contain only four of the five universally conserved nucleotides of the group I splicing-ribozyme core (Lisacek et al+, 1994 )+ Furthermore, a conserved adenosine residue is missing in the J4/5 segment of both DiGIR1 and NaGIR1+ This adenosine appears to contact the conserved 59 splice site U:G base pair in the P1 segment of group I splicing-ribozymes (see Jaeger et al+, 1996a; Strobel et al+, 1998) , thus explaining its absence in the GIR1 RNAs+ The 3D model in Figure 7 shows that the overall structure folding resembles the catalytic core of regular group I splicing-ribozymes (see Lehnert et al+, 1996 )+ DiGIR1 appears compactly folded, with the two principal domains P4-P6 and P3-P8 in a juxtaposition+ P15 is exposed in the cleft between these domains, similar to the P1-P2 complex in group I splicingribozymes+ These results suggest that the global folding of group I ribozyme cores is highly conserved, and may be obtained by different combinations of secondary structure elements+
The obligate sequential order of cleavage at the internal processing sites may have both functional and structural implications for DiGIR1+ This processing pathway is proposed to be initiated by a site-specific hydrolysis at IPS1, 39 of G229, a site that resembles a 39 splice site in group I intron splicing+ Cleavage at IPS1 may induce conformational changes in the RNA structure+ According to the 3D model presented in Figure 7 , P10 docks at the P7 core segment in order to present the IPS2 site for cleavage+ Based on the given stereochemical constraints of the RNA model, it appears impossible to dock the IPS2-containing P10 on the ribozyme core prior to IPS1 cleavage+ Thus, the model provides a structural support of the sequential order of cleavage+ IPS2 bears some structural similarities to the 59 splice site of group I introns+ Both sites are defined FIGURE 7. Structure model of DiGIR1+ Top: Secondary structure presentation of DiGIR1 (positions 104-237)+ Domains and segments are color-coded according to the 3D model+ Bottom: Three-dimensional view of the DiGIR1 RNA prior to cleavage at IPS1 (left) and IPS2 (right), rotated about 908 compared to each other+ Cleavage sites are indicated by vertical arrows, and the horizontal arrow between the model presentations symbolizes the sequential order of cleavage+ by a U:G base pair where cleaving takes place 39 of the U residue+ An interesting implication of the sequential order of cleavage is that the second step (IPS2 cleavage) takes place on an RNA substrate no longer covalently connected to the ribozyme core+ GIR1 appears to be a unique example of a naturally occurring transcleaving group I ribozyme+ The DiSSU1 intron was recently reported to be mobile in vivo by homing, a process dependent on the intron-encoded endonuclease I-Dir I (Johansen et al+, 1997 )+ In nature, DiGIR1 and the endonuclease ORF exist as a peripheral insertion in DiSSU1+ It is likely that the in vivo function of DiGIR1 is to generate the 59 end of the I-Dir I endonuclease messenger RNA+ In fact, recent studies of D. iridis RNA implicate the IPS2 site to be the 59 end of the messenger (A+ Vader, H+ Nielsen, & S+ Johansen, unpubl+ results)+ Thus, DiGIR1 appears to be important for the expression of the intron endonuclease, and therefore to be involved indirectly in intron homing of DiSSU1+
Evolutionary considerations
The NaGIR1s and the DiGIR1 may have evolved by a similar scenario, where a functional unit consisting of the ribozyme and the endonuclease ORF invaded a peripheral loop of a group I splicing-intron+ Although the NaGIR1s appear ancient within the Naegleria genus (De Jonckheere, 1994; Einvik et al+, 1997) , DiGIR1 is only observed in one isolate of D. iridis (Johansen et al+, 1997) , and is therefore considered to be more recently acquired+ The reported structural features support the idea that both the NaGIR1s and the DiGIR1 evolved from preexisting, and probably distinct group I splicing-ribozymes+ Primary sequence similarities are noted between the NaGIR1s and the core region of a very small group IC3 intron reported in the chromosome of the bacterium Azoarcus (Reinhold-Hurek & Shub, 1992) , and a provocative similarity is found between DiGIR1 and the yeast mitochondrial group ID intron SdCob+1 (Tian et al+, 1991; Jaeger et al+, 1996b )+ Like DiGIR1, SdCob+1 has small peripheral sequence regions, harbors an endonuclease-ORF downstream of its catalytic core, and contains an unusually long P10 segment+ Interestingly, a proximal alternative 39 splice site close to the 59 end of the ORF has been identified in SdCob+1+ This site resembles IPS1 in DiGIR1 and catalytic core elements, such as J3/4, P4, J6/7, P7, and J7/8, are almost identical in primary sequence between the two ribozymes+ Perhaps an SdCob+1-like ORF-containing intron invaded the P2-peripheral loop of the DiSSU1 splicing-ribozyme (DiGIR2)+ Subsequently, the internal ribozyme lost its splicing functions, but maintained the proximal alternative 39 splice site (IPS1) and a truncated 59-like splicing site (IPS2)+ These speculations remain to be explored further by experimental approaches+
MATERIALS AND METHODS

In vitro transcription of self-cleaving reactions
The RNA was transcribed in vitro by T7 RNA polymerase and uniformly labeled using the Hind III linearized DNA template pDi162G1 (former pG1-163; Decatur et al+, 1995) and [a 35 S]ATP (10 mCi/mL; Amersham) as the label+ It was then phenol-extracted, ethanol precipitated, and subjected to selfcleaving conditions, all essentially as described previously (Johansen & Vogt, 1994; Decatur et al+, 1995) + Transcripts were usually cleaved for 60 min at high salt conditions (40 mM Tris-HCl, pH 7+5, 1 M KCl, 25 mM MgCl 2 , 2 mM spermidine, and 5 mM DTT) at 50 8C+ These optimal conditions were based on initial experiments where [K ϩ ], [Mg 2ϩ ], temperature, and incubation time were varied (data not shown)+ Self-cleaved RNA was subjected to electrophoresis in a 5% polyacrylamide, 7 M urea gel, visualized by autoradiography, and quantitated on a phosphoimager (Molecular Dynamics model 400B; ImageQuant version 3+3)+
Mapping of processing sites
The 59 ends of the downstream cleaved RNA (39 RNA) were mapped by primer extension as described previously (Ruoff et al+, 1992; Johansen & Vogt, 1994 )+ The 39 RNA generated from self-cleaved Di162G1 was gel-purified and annealed to OP-4 (59-TGT TGA AGT GCA CAG ATT-39; complementary to positions 284-267)+ Reverse transcription reactions were performed using the Superscript Reverse-transcriptase kit (Gibco BRL) with [a 35 S]dATP (12+5 mCi/mL; New England Nuclear) as the label+ A dideoxy sequencing ladder was prepared from pDi162G1 in parallel using the same primer and run adjacent to the primer extension products as markers+ The 39 end of the gel-purified 59 RNA product was determined as follows+ RNA was self-ligated by T4 RNA ligase and reverse transcribed using AMV reverse transcriptase (Promega Biotech) and OP265 (59-GTT AGG ACG GAT GTT ACG-39; complementary to positions 167-149)+ A 163-bp amplified DNA product, specific for the ligated RNAs, was obtained from the primer-set OP264 (59-CGG CGA CAG ACT GCA CGG C-39; corresponding to positions 166-183) and OP265+ This product was sequenced using the AmpliCycle TM sequencing kit (Perkin Elmer) and primer OP266 (59-GGA TCG TCC CCC ACC GTT-39; complementary to positions 148-131)+ All specific primer positions described in this work correspond to the published sequence of the Didymium group I intron DiSSU1 (Johansen & Vogt, 1994 )+
Chemical and enzymatic structure probing
The RNA for structure probing experiments was transcribed in vitro as a 237-nt transcript at 2 mM Mg 2ϩ in order to inhibit self cleavage+ 59 End-labeled RNA was produced by transcription in the presence of a high concentration of guanosine and subsequent labeling of free 59-OH ends by T4 polynucleotide kinase and [g 32 P]ATP (3,000 Ci/mmol, 10 mCi/ mL; Amersham)+ 39 End-labeled RNA was made by reacting transcripts from Nco I linearized templates with [ 32 P]pCp (3,000 Ci/mmol, 10 mCi/mL; Amersham) and T4 RNA ligase+ This labeling reaction produced a single full-length band that was subsequently gel-purified prior to probing experiments+ The chemical modification reactions, the enzymatic cleavage reactions, and the subsequent primer extension analyses were done essentially according to Christiansen et al+ (1990) + Chemical probes: dimethyl sulphate (DMS) with the specificity of unpaired G (N7) . A(N1) . C (N3), diethyl pyrocarbonate (DEPC) with the specificity of unpaired A (N7/N6), and kethoxal (KE) with the specificity of unpaired G (N1/N2)+ Enzymatic probes: RNaseT1 with the specificity of unpaired G, RNaseT2 with the specificity of unpaired positions with preference for A, and RNaseV1 (cobra venom RNase) with the specificity of helical regions+ Primers used were: C77 (59-GTA TCC TTA GAT TTG ATT complementary 
Site-directed mutagenesis
Mutants were generated using the Alter Site TM in vitro mutagenesis kit (Promega Biotech) after subcloning the DiGIR1 containing EcoR I-Pst I insert of pDi162G1 into the corresponding pAlter1 vector (Promega Biotech), yielding pDi162G1alter+ Mutant DiGIR1 constructs were made according to the instructions of the manufacturer (Promega Biotech) using the primers OP-55 (59-TGT GCA ATC GGG TTC ATA CCT TAA TTG GGT T-39; mutP15-N/D; corresponding to positions 98-128), OP-56 (59-GCC TCT TAG TGT GTA TGA ATG AAC AGT CG-39; mutP15-D/N; corresponding to positions 188-216), OP-55/OP-56 (mutP15-N), and OP-47 (59-GAA AGG AAT CAT CCG GT-39; mutIPS; corresponding to positions 221-237)+ Then, the mutant versions of DiGIR1 were subcloned back into the pGEM3Zf(ϩ) vector (Promega Biotech) using the same restriction sites (EcoR I-Pst I)+ All mutated sites were confirmed by sequencing the whole insert of each of the mutants on both strands using the AmpliCycle TM sequencing kit (Perkin Elmer), [a-33 P]dCTP (10 mCi/ mL; Amersham), and primers Forward M13 (59-GCC AGG GTT TTC CCA GTC ACG A-39) and Reverse M13 (59-GAG CGG ATA ACA ATT TCA CAC AGG-39)+
Molecular modeling
The Didymium GIR1 modeling was performed as described by Westhof (1993) and Michel and Westhof (1990) + The 3D structure was subjected to least-squares refinement with the programs NUCLIN and NUCLSQ+ The drawing in Figure 7 was produced by DRAWNA (Massire et al+, 1994 ) on a Silicon Graphics workstation+
